Anesthetic management of orthotopic liver transplantation (OLT) is complex. Given the unequal distributions of liver transplant surgeries performed at different centers, anesthesiology providers receive relatively uneven OLT training and exposure. One wellsuited modality for OLT training is the "serious game," an interactive application created for the purpose of imparting knowledge or skills, while leveraging the self-motivating elements of video games. We therefore developed a serious game designed to teach best practices for the anesthetic management of a standard OLT and determined if the game would improve resident performance in a simulated OLT. Forty-four residents on the liver transplant rotation were randomized to either the gaming group (GG) or the control group (CG) prior to their introductory simulation. Both groups were given access to the same educational materials and literature during their rotation, but the GG also had access to the OLT Trainer. Performance on the simulations were recorded on a standardized grading rubric. Both groups experienced an increase in score relative to baseline that was statistically significant at every stage. The improvements in scores were greater for the GG participants than the CG participants. Overall score improvement between the GG and CG (mean [standard deviation]) was statistically significant (GG, 7.95 [3.65] Of the residents with game access, 81% were "very satisfied" or "satisfied" with the game overall. In conclusion, adding a serious game to an existing educational curriculum for liver transplant anesthesia resulted in significant learning gains for rotating anesthesia residents. The intervention was straightforward to implement and cost-effective.
challenges such as massive transfusion, metabolic and hemodynamic derangements, and even intraoperative cardiac arrest. (1) (2) (3) A recent study demonstrated that anesthesia provider experience has a significant association with OLT outcomes. (4) However, given the unequal distributions of liver transplant surgeries performed at different transplant centers nationwide, anesthesiology providers likely receive relatively uneven OLT training and exposure. In 2015, the 20 highestvolume transplant centers performed on average 136 liver transplants per year, whereas the other 119 centers averaged only 37 liver transplants in that time frame. (5) Given this variability, it is not surprising that only 26% of anesthesiology residents participated in structured OLT-related education according to a 2013 survey. (6) Simulation has been used to bridge this gap. One group examined a day-long educational course that employed a combination mannequin-based simulation and didactic sessions. (7) Another presented a series of simulations using porcine models of liver transplantation designed to improve anesthesia provider performance by demonstrating physiologic changes that occur during OLT. (8) Both studies demonstrated enhanced performance after the training sessions as measured by pretest and posttest cognitive and task performance metrics. However, such courses are resource intensive and involve expensive mannequin simulators and/or animal models (which also involves many ethical implications).
One potentially well-suited (but as of yet unstudied) teaching modality for OLT training is the "serious game." Serious games are interactive, screen-based digital applications created for the purpose of imparting knowledge or skills, while leveraging the self-motivating elements of video games. (9) The use of serious games in health care education has been growing steadily. (10) Investigators have designed and successfully used serious games to improve central venous catheter technique and safety, (11, 12) to teach emergency management skills (13) and situational awareness, (14) to enhance medical decision making, (15, 16) and even to refine ultrasound skills for interventional radiologists. (17) No prior studies have examined the role of serious games in teaching anesthesiology residents appropriate anesthetic management of the patient undergoing OLT. We therefore set out to develop a serious game designed to teach best practices for the anesthetic management of a standard OLT and to determine if the game would improve resident performance in a simulated OLT when compared with residents experiencing our institution's standard educational curriculum.
Patients and Methods

GAME DESIGN
Our serious game ("OLT Trainer") was designed using the GameSalad platform, a low-cost system that is able to publish games and applications in multiple formats including HTML, IOS, and Android. We designed the game to fit the iPad interface as each resident in our institution receives an iPad through their educational fund. The game is designed as a linear, chronological clinical course through which the player begins the case with preoperative assessment, then manages the patient through the intraoperative period, and concludes with disposition to the intensive care unit (Table 1 ; Fig. 1 ). The player begins with a credit bank that they can "spend" to obtain various "assets" (seen in Fig. 1 ), which include a wide array of preoperative tests, invasive line options, acquisition and transfusion of blood products, or the performance of intraoperative tests or medication administration. Each line in Table  1 represents a different screen encountered by the player in sequential order with its own learning points and opportunities to both gain and lose credits. For example, in the medical history screen the player can spend credits to learn about the patient's allergies. If the player's performance falls outside of the standard of care (eg, unnecessary testing) or leaves the patient in a critical state (eg, hypotensive or severely anemic), credits are continually deducted over time (a discussion of how such scoring elements were determined follows below). If at any point the player reaches 0 credits, the game ends and a feedback screen is presented wherein they can see critical actions for which points were awarded or deducted (eg, appropriate transfusion, failing to defibrillate). The player may then opt to start over, or return to the last screen with the credit total they had prior to beginning that stage in an attempt to fix the errors. There is no limit to the number of times the scenario can be re-attempted. Likewise, once the game is completed, the player may replay the scenario with a new bank of credits and attempt to complete the game another time and end with a higher score. In the current version of the game, when the scenario is replayed, the same basic steps and pitfalls exist. In this way, the learning process is memorative. Each step in the game, however, is adaptive and will change based on how the case is managed. For example, the hyperkalemia that ensues on reperfusion will occur to a defined degree. However, how the "patient" reacts to that hyperkalemia will depend on how the user diagnoses and manages it in real time. In this way, the learning is also an adaptive process that can change each time the scenario is replayed.
SIMULATION DESIGN AND LIVER TRANSPLANT ANESTHESIA ROTATION CURRICULUM
The established curriculum for OLT at our institution involves a single mannequin-based, high-fidelity simulation performed at the initiation of the resident liver transplant rotation (as clinical anesthesia year [CA]-2 residents or above). One week prior to the rotation, residents are provided with access to a library of contemporary liver transplant literature and are encouraged to become familiar with it prior to and during The rotating resident is taken through each stage of the operation, from preoperative assessment to intensive care unit disposition, by 2 instructors who are members of both the liver transplant anesthesia team and the HELPS Center. Confederate actors played the roles of surgeon and circulating nurse. This simulation serves as an introduction to a deceased donor orthotopic liver transplant in a patient with significant coagulopathy and challenging surgical dissection due to multiple prior surgeries. Each simulation scenario is followed by a standardized debrief in which feedback is provided based on resident performance and framed by the specific practices used by the liver transplant anesthesia team at the Icahn School of Medicine at Mount Sinai, a quaternary care center that performs over 110 liver transplants per year.
STUDY DESIGN
A waiver of written consent for this study was obtained from the institutional review board at the Icahn School of Medicine at Mount Sinai. Between December 2014 and September 2016, 44 residents on the liver transplant rotation were randomized to either the gaming group (GG) or the control group (CG) using a balanced random number generator prior to their introductory simulation. Both groups were given access to the same educational materials and literature described above during their rotation, but the GG also had access to the OLT Trainer. During the introductory simulation, an evaluation of baseline knowledge and performance of residents was established. In our literature search, we could not find a validated performance evaluation tool for an OLT simulation. As such, a modified Delphi method (18) was used to design a grading rubric for this simulation scenario and the follow-up scenario. The grading rubric was designed and refined by the Mount Sinai Liver Transplant Anesthesia Team, whereby 6 members of the team (Attending Board Certified Liver Transplant Anesthesiologists) were allowed to modify both the content as well as the weighting of the scoring mechanism. Once finalized, the scoring tool was used for all subsequent simulation sessions. A single global (yes/no) question was added to the scoring tool, requesting the rater to assess whether the resident performed "at the level expected of an experienced senior resident." This was meant to provide the examiner with an opportunity to rate the overall capability of a participant outside of the specific steps of the scenario. The simulation instructors were blinded to resident group assignment for the prerotation and postrotation scenarios. Of the six rubric designers, one served as a rater of the simulation scenario (due to schedule availability and for consistency). The grader was allowed to allot either full or half points to each item on the rubric. The dedicated provider (non-OLT expert and blinded) running the simulation with guidance from the expert was able to clarify the performance of tasks if there was a question from the grader but was not allowed to provide scoring input. The design of the grading rubric was undertaken independently of the design of the serious game and occurred 1 year after game development.
Information regarding prior OLT experience and CA were recorded. GG participants were instructed to play the game at least once per week but were encouraged to play more frequently. They were also given specific instructions to refrain from mentioning the game to co-residents at any point during the study to maintain the blinding and decrease the potential for biasing results. At the end of the month-long rotation, residents returned to the simulation center where they underwent the same simulation scenario that they had undergone at the beginning of the month. After the grading of the postrotation simulation, the residents were asked to fill out a survey based on their rotation experience. If they were randomized to the gaming group, additional questions on game utilization were asked.
STATISTICAL METHODS
The simulation grading rubric was scored out of a maximum 33 potential points. Therefore, it was determined a priori that a score difference of 3.3 points or a 10% difference would be a significant finding. To power the study to find a 10% difference at a b of 0.2 with an a of 0.05 (assuming a standard deviation [SD] of 5-6 points with a sampling ratio of 1:1), a sample size of 36 participants would be required. In an attempt to control for loss to follow-up and given the availability of residents based on scheduling, we determined a total number of 44 would be our target for sample size. 
Results
Over the 22-month period from December 2014 through September 2016, 44 residents on their liver transplant rotation were recruited to participate in the study. Only residents on their initial transplant rotation were included. No residents dropped out after recruitment. However, 4 residents were lost to followup after the initial simulation due to scheduling conflicts that precluded them from participation in the postrotation simulation within the predetermined 30-day time frame after their rotation (see Fig. 2 ). Descriptive statistics and initial baseline simulation scores were not statistically different overall between groups except for the score during the dissection phase where the GG scored higher at baseline (mean [ Both groups experienced an increase in score relative to baseline that was statistically significant at every stage in the scoring rubric. The improvements in scores were greater for the GG participants than the CG participants ( Scoring on the "performed at the level of a senior resident" question was significantly improved between the preassessment and postassessment periods (P 5 0.016). Overall cross-tabulation analysis organized by game group is displayed in Table 4 . Of the 4 residents in the CG who received a score of "no" to this question on the preassessment, 3 residents improved to "yes." All 4 residents in the GG who received a score of "no" to this question improved to "yes." Comparative analysis between groups was nonsignificant.
Utilization data, impressions of the rotation, and feedback for the game and rotation were recorded by postrotation survey with 22 respondents for the game group (91% response rate) and 19 respondents for the CG (95% response rate). Only those in the GG were asked utilization questions. Of those who played the game, most played 1-3 times per week (81%) with 9% playing 4-6 times and 9% playing 7-9 times; 81% of residents with game access were "very satisfied" or "satisfied" with the game overall; 72% of residents with NOTE: Continuous variables are reported as mean (SD), and ordinal variables are expressed as n (%). *CA-4 practitioner was a clinical fellow who completed residency at an outside institution and came to our institution for further general training and completed a liver transplant rotation during their fellowship year. This practitioner had no prior OLT experience.
game access reported that they thought a tablet was the best medium for the game, whereas 18% reported they would have preferred a phone. Also, 18% would have preferred a laptop or traditional personal computer. Of the residents in the CG, when told about the game, 85% reported that they would have liked to have access to the game, whereas 15% were neutral.
Discussion
Liver transplantation presents many challenges to anesthesiologists, yet training regarding its management is sporadic. High-fidelity mannequin-based simulation has been used successfully in many aspects of anesthesiology training, but, similar to animal model training, is expensive and resource intensive. We have reported the impact of our OLT game in improving the clinical performance of anesthesiology residents engaging in liver transplantation simulation. The beneficial effect of this serious game was evident above and beyond benefits of a standard mannequin-based simulation primer and traditional educational curriculum for liver transplant anesthesia training in our program. There is a lack of studies regarding the utility of high-fidelity simulation as an educational adjunct to a liver transplant rotation. Aggarwal et al. (7) were able to demonstrate significant learning benefits when a halfday simulation course was introduced to their liver transplant rotation curriculum. However, the lack of a CG and the immediate administration of the postcourse assessment upon completion of the course does not allow interpretation of their findings to be compared with our study, which was more summative and came after a month-long rotation. Comparative studies to other serious games from other specialties are also difficult given the differences in scope, outcome variables, and learning environments as compared with the present work. As a general concept, serious games are games designed for the primary purpose of teaching and training a skill. (10) They can be created for a variety of differing purposes across populations and fields. In the medical field, they can be used to educate both practitioners and patients. They can be uni-or cross-platform (Web browser/tablet/phone/desktop/laptop) and can belong to several genres. They can include management simulations such as Septris (19) (combination of Tetris and sepsis management), quizzes such as the Cranial nerves game, (20) and specific training simulations such as PULSE (21) (an instructional game on advanced life support), to name a few. Many serious games have been able to translate to learning gains. As per a recent meta-analysis, (10) 89% of the games included in the study found improvements in skills or gains in knowledge when compared either with CGs, or when compared in pretest to posttest interventions. Any serious game should be well characterized so that its purposes are clear given the overall heterogeneity of serious games. Our OLT game fits into multiple simulation categories, including the following: Educational, Management Simulation, Quiz, and Training. (22) Because the design of the game is to teach specific learning objectives, it is a member of the Educational genre. The resource limit imposed by the credit bank as well as the reduction in credits due to managerial errors place our game in the Management Simulation genre. The portion of the game that featured question and answer elements gives it features of the Quiz genre. Lastly, because our game attempts to simulate a realistic situation for the purpose of training, it belongs to the Training genre as well.
Comparing our results with games from similar genres using a generalized training evaluation model such as Kirkpatrick Level (23) may provide the most insight into its effectiveness given the heterogeneity of the data mentioned above. Compared with other serious games in these genres, our study reports learning gains equivalent to increases in trainee knowledge (Kirkpatrick Level 2) (23) and behavior (Kirkpatrick Level 3) (23) during the postrotation simulation, a novel finding that has not previously been demonstrated. Endpoints to examine superior patient outcomes (Kirkpatrick Level 4) (23) were not measured, but such an assessment would be the next logical step given the success of our study. However, because a trainee would not be allowed to independently manage a live OLT, it is unlikely that level 4 data could easily or ethically be obtained without giving the game to attending anesthesiologists.
Our results are encouraging and perhaps more widely applicable to anesthesia training beyond OLT rotations. The nature of OLT lends itself well to gaming education initiatives. For example, there is inherent variability of liver transplant experience for residents on the rotation, even at a high-volume center. The uneven distribution of cases creates a challenge for the training of residents who often have a limited temporal exposure to the specialty. A serious game can diminish experiential variability, thus providing all trainees with a similar baseline level of education and exposure by guaranteeing they will manage the training case. The game can also be used to harness a reverse (flipped) classroom approach, (24) whereby the focus of learning is shifted from the traditional instructor (attending anesthesiologist) to the learner. In this model of teaching, the learner masters the core content independently before the major learning experience and can tailor the curriculum to fit their educational needs by using all available educational materials. Classroom/didactic/operating room teaching time is then spent on applying that core knowledge and managing more advanced topics.
Such models have proven effective in various medical education initiatives. (25) (26) (27) (28) In this manner, for example, residents can learn basic management steps at home while playing the game and then concentrate on applying that knowledge as well as more advanced or nuanced topics in the operating room as experience increases. Likewise, gaming can also supplement clinical learning when the learning yield may be low. For example, during an overnight transplant when trainees are fatigued, they can then play the game after sleeping the next day to solidify what they attempted to learn in the operating room the night prior. This is in line with current literature on the topic of fatigue demonstrating decreased learning and memory of anesthesiology residents after night shift work. (29) Having complete, unfettered access to a tablet-based OLT game allows users to both obtain and maintain pertinent knowledge. In addition to the above benefits, the utilization of the game was very high (as noted above) and required no intervention to require them to play.
Alternatively, the OLT game can also serve as a warm-up tool to refresh knowledge and technique prior to a case, particularly for practitioners with limited experience caring for this population or at a lowvolume center in which there are long gaps between cases. Others have studied the effect of using simulation to warm up before surgical procedures and found improved performance in the operating room. (30, 31) Additionally, there is often a time window between the booking of a transplant and the actual procedure such that trainees could reorient themselves to critical elements of the procedure while awaiting the actual case.
Performance can also be improved through use of a mannequin-based simulation. (7) However, highfidelity simulation is expensive, resource intensive, must be performed on site at a specified time, and is only potentially available at certain institutions. Our OLT game was relatively inexpensive to develop, required minimal resources to disseminate, and can be used at the convenience of the learner, regardless of the time of day or location. This study has several limitations. Our rubric, although created using a sound methodology (Modified Delphi), has not been validated in prior works. However, given the rigor that was used to create it, the results are likely valid. Our study design would have benefitted from an additional group that had no access to mannequin-based simulation as well as an expert group of faculty anesthesiologists. However, the mannequin-based simulation has been an integral part of the liver transplant anesthesia rotation, and it was felt that removal of this from the rotation for a subset of the residents would potentially impair their learning experience and hamper educational equipoise, which is unethical. In terms of data tracking, we did not track utilization data on the residents and relied upon selfreporting. Although the report was anonymous and there would be no incentive for residents to be dishonest, a true measured objective approach to utilization would have been superior. This could not be done secondary to the design tool of the game, which could have been added but would have greatly increased development cost. In addition to a lack of objective utilization data, our study is potentially limited by the comparative material of the CG. Although the CG had access to both the baseline simulation and educational materials, part of the gains of the GG may have been an increase in exposure to OLT education overall and not specifically the game. If, for instance, we had mandated an amount of study time to be matched with how long the GG was playing the game, the results may have been different. This, however, would have been impractical in design and very difficult to mandate given that we wanted our study to be practical in design and allow for individuals to use the educational materials as they saw fit. For example, one of the reasons that gaming as a learning tool is effective is that it is more engaging than standard learning processes, such that the higher level of exposure and learning may be due to the fact that the intervention is a "game"; that is, those with the game learn more because they want to play the game and therefore spend more time learning than they would have otherwise.
A larger development budget would have allowed other gaming functions such as leaderboards and integration into social media. Such additions may have further enhanced the motivation of residents to use the game and such competition could fuel improved performance with potential crossover to improved patient care. Furthermore, our game was programmed with only 1 level. Adding additional levels could provide residents with even further gains by allowing for practice in different clinical scenarios such as managing a patient with portopulmonary hypertension or acute liver failure. Although these new levels would cost more to develop, the cost would be minor relative to the development of the first case as the assets (inventory items, device pictures) and engine (real-time physiology/operative events) have already been developed. In addition, adding more scenarios would allow for a more advanced learning mode, one where the learner selects a "random case" and is given a random scenario from the bank of scenarios, or even a mix/combination of two or more scenarios to add in another level of preparedness to be achieved. Lastly, our game was distributed to residents through the iPad, which is given to each resident in our program. Not every program distributes tablets, which limits the generalizability of the study. However, it should be noted that the platform used to create the game has the capability to export to HTML and Android, which means it could be played on any computer with Internet access or Android tablet as well.
In conclusion, adding a serious game to an existing educational curriculum for liver transplant anesthesia resulted in significant learning gains for rotating anesthesia residents as demonstrated by improved performance in a simulated case. The intervention was straightforward to implement and cost-effective. More work is needed to compare the efficacy of serious gaming to high-fidelity simulation in this environment and to roll out further cases at multiple centers.
